1. Introduction {#sec1}
===============

Plant diseases critically endanger agricultural resources. In particular, soilborne pathogens cause dramatic yield and economic losses, with fungi being the most aggressive pathogens \[[@B1], [@B2]\]. In the past few decades, chemical fungicides have had a critical role in controlling plant diseases and increasing crop yield. Until now, suppression of soilborne pathogens mainly relied on chemical pesticides. However, recently, scientists have reported that long-term use of chemical agents can cause adverse effects, including environmental contamination, resistant-plant pathogen outbreak, progressively greater production costs owing to the over-expenditure on these chemicals, and even toxicity in humans \[[@B3]\]. Fortunately, biological control, using plant growth-promoting rhizobacteria (PGPR) as biocontrol agents (BCAs) that interfere with plant pathogens, could be an alternative to chemical control measures and could avoid the problems caused by chemical methods for plant protection \[[@B4]\].

Biological control using antifungal rhizobacteria to suppress plant diseases has been extensively investigated. Rhizosphere soil of healthy plants is considered an excellent source of PGPR \[[@B5]\], which stimulates plant growth through various mechanisms \[[@B6]\].*Paenibacillus polymyxa* strain SQR-21 and*Paenibacillus pasadenensis* strain R16 are primarily known for their ability to prevent plant diseases \[[@B2], [@B7]\]. The action of*Bacillus amyloliquefaciens* subsp. Plantarum S499 relies on its potential to produce multiple antimicrobial metabolites against phytopathogens and its ability to induce systemic resistance in plants \[[@B8]\].*Pseudomonas saponiphila* strain YW aids the growth of pepper seedlings via its ability to synthesize indole acetic acid (IAA) and solubilize phosphate \[[@B3]\]. However, it should be noted that the size of introduced bacterial populations positively correlates with increased disease control \[[@B9]\]. The ability to colonize the rhizosphere has been considered a critical prerequisite for the success of PGPR \[[@B10]\]. To be effective, PGPR must establish and maintain a sufficient population size within the rhizosphere \[[@B11]\]. Hence, the development of indigenous biocontrol strains that suit local environments may help improve the competitiveness with*in situ* microorganisms and effectiveness at suppressing local pathogen strains \[[@B12]\].

Despite the increasing number of scientific papers dealing with biological control, an insufficient number of products are available in the market \[[@B13]\]. It is known that the efficiency of mycelial growth inhibition*in vitro* does not always correlate with biocontrol efficacy under natural conditions \[[@B14], [@B15]\]. Furthermore, the production of antifungal metabolites or other components is subject to complex regulation by an array of environmental factors, and these metabolites may not be equally expressed under*in vitro* and natural soil conditions \[[@B16], [@B17]\]. Hence, understanding the mechanisms of disease control may help to control soilborne diseases efficiently.

The present study aimed to (1) isolate and screen BCAs as potential inoculants with application within the same area from which they were isolated; (2) determine the direct and indirect plant growth-promoting properties of the BCAs*in vitro*; (3) test the BCAs for their effects on seed germination and seedling growth; (4) reveal the impact of the BCAs on wheat growth and microbial communities in the rhizosphere of wheat.

2. Materials and Methods {#sec2}
========================

2.1. Collection of Soil Samples and Bacterial Isolation {#sec2.1}
-------------------------------------------------------

Cucumber rhizosphere soil samples were collected from a vegetable planting base located in Tai\'an City, Shandong Province, China. Cucumber seedlings at the beginning of flowering were uprooted with intact roots, and the excess bulk soil was removed by gentle shaking. Soil adhering to the roots was considered rhizosphere soil \[[@B18]\], which was collected from roots by dipping and gentle shaking in sterile distilled water under aseptic conditions, after which the samples were mixed on a table concentrator for 30 min. The resulting solutions were serially diluted up to 10^−6^, inoculated on potato dextrose agar (PDA) plates, and incubated at 28°C ± 2°C for 24 h \[[@B19]\]. Colonies were selected from these plates and maintained using PDA medium at 4°C. All selected strains were stored at −80°C in Luria-Bertani broth (LB) containing 30% glycerol for further study.

2.2. Screening and Identification of Antagonistic Bacteria {#sec2.2}
----------------------------------------------------------

The antagonistic abilities of the isolates were determined in dual-plate confrontation assays against the plant pathogens*Fusarium oxysporum*,*Botryosphaeria ribis*,*Bipolaris sorokiniana*,*Botryosphaeria dothidea*,*Alternaria* (Nees),*Fusarium pseudograminearum, Colletotrichum gloeosporioides*, and*Rhizoctonia solani.*After 4 days, the diameters of the zone of fungal growth inhibition around the bacteria were measured and recorded. Then, the bacteria with the most potent inhibitory activity were selected and identified by 16S rRNA gene sequence, which was amplified using universal primers 27F and 1492R \[[@B20]\]. The obtained PCR products were sequenced, and the nucleotide sequences were compared with the GenBank database using BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

2.3. Mechanisms of Fungal Inhibition {#sec2.3}
------------------------------------

The ability to produce extracellular antifungal metabolites and volatile organic compounds (VOCs) and the antagonistic effect on the radial growth of plant pathogens*F. oxysporum*,*B. sorokiniana*, and*R. solani* were tested in a dual-plate confrontation assay \[[@B21]\]. Furthermore, the type and the relative content of VOCs produced by antagonistic bacteria were measured and analyzed by gas chromatography-mass spectrometry (GC-MS); the detailed method was mentioned in our previous article \[[@B22]\]. In the present study, the most prominent and unreported volatile components were selected, and their effects on the plant pathogens*F. oxysporum*,*B. ribis*,*B. sorokiniana*,*B. dothidea*,*R. solani*, and*F. pseudograminearum* were examined. The centers of PDA plates were inoculated with 5-mm discs of pregrown phytopathogenic fungi, and a piece of filter paper (1 cm × 1 cm) moistened with 10 ml of distilled water was placed on another plate. A concentration gradient of the volatile commercial compound was applied to the filter paper quickly \[[@B23]\]. All half-plates were placed face to face and sealed to prevent VOC loss. Distilled water was used as a control. After 3 days of incubation at 30°C, the diameter of the phytopathogenic fungal colonies was measured and recorded. Additionally, extracellular hydrolytic enzymes including chitinase, protease, cellulose, and glucanase, which participate in the mechanisms underlying fungal growth inhibition, were measured qualitatively and quantitatively as previously described \[[@B22]\].

2.4. Growth-Promoting Characteristics of Isolates {#sec2.4}
-------------------------------------------------

In addition to the antifungal activity, PGP activities of antagonistic bacteria were analyzed. Siderophore production was detected using the chrome azurol S (CAS) method \[[@B24], [@B25]\]. Indole-3-acetic acid (IAA) production was measured based on the chromogenic reaction of Salkowski reagent with IAA \[[@B26]\]. Phosphate solubilization was determined using the molybdenum blue method \[[@B3]\]. Potassium-solubilization efficiency was estimated by flame photometry \[[@B27]\]. The nitrogen-fixing ability was evaluated using the method described previously \[[@B28]\]. All experiments were performed in triplicate, and the results were expressed as mean values and standard deviations.

2.5. HS-26 Effects on Cucumber Seed Germination and Plant Growth {#sec2.5}
----------------------------------------------------------------

The germination of cultivated cucumber seeds (Zhongnong No.8) inoculated with HS-26 cells was assessed. Strain HS-26 was grown overnight in LB broth at 30°C at 200 r/min, and the bacterial suspension was centrifuged at 1073 ×*g* for 10 min. The pellet was resuspended in sterile ddH~2~O and adjusted to 4 × 10^8^ CFU/mL. The seed surface was sterilized with 75% ethanol for 1 min, followed by 1% sodium hypochlorite for 30 min, after which the seeds were washed extensively with sterile water \[[@B29]\]. Cucumber seeds were then inoculated with HS-26 strain suspension for 30 min at 28°C, while the control seeds were treated with an equal amount of sterile water \[[@B6]\]. A total of 200 seeds, treated and untreated, were seeded onto platters (20 cm × 30 cm), containing filter paper moistened with sterilized distilled water, for the seed germination assay. After 1 week, the rate of germination of cucumber seeds was evaluated. In addition, 50 cucumber seeds (25 treated/25 untreated) were sown onto each platter in the same manner. After 15 d, the seedlings were harvested to determine the effects of HS-26 treatment on plant growth, and fresh/dry weight and length of the shoots and roots were measured. All experiments were performed at room temperature (20 ± 2°C) and in triplicate. Results were expressed as mean values and standard deviations.

2.6. Pot Experiment {#sec2.6}
-------------------

### 2.6.1. Pot Experiment Design {#sec2.6.1}

A pot experiment was conducted to evaluate the effect of strain HS-26 on the growth of wheat seedlings. The experimental design was a completely randomized block design with three replicates for each treatment and 10 pots per replicate. The experiment included the following 2 treatments: a noninoculated control and HS-26 strain-inoculated treatment. Wheat seeds were surface-sterilized as described above. HS-26 strain was grown in LB broth at 30°C on a shaking incubator at 200 rpm for 48 h. Subsequently, HS-26 strain was centrifuged at 1073 ×*g* for 10 min; the pellet was resuspended in sterile ddH~2~O and adjusted to 6--8 × 10^8^ CFU/mL. Five sterilized wheat seeds were sown in 10 L clay tile pots containing soil collected from a local field under wheat cultivation. For the HS-26 strain treatment, the roots of 1-week-old plantlets were inoculated with 20 mL diluted culture suspension of HS-26 strain; the roots of the control plantlets were inoculated with the same volume of sterile water. All the pots were irrigated once before sowing to ensure proper seed germination and then regularly watered during crop growth as per agronomic practices. After 2 months, the wheat seedlings were uprooted separately to determine plant biomass indices. The rhizosphere soil was then carefully collected from 10 random soil cores from pots, and the samples were pooled to yield one composite sample per replicate. The soil samples were passed through a 2-mm sieve, thoroughly homogenized, and stored at −80°C for the analysis of microbial community structure.

### 2.6.2. DNA Extraction, PCR Amplification, and Illumina MiSeq Sequencing {#sec2.6.2}

To reveal whether and how the HS-26 strain positively influenced the microbial community structure, soil genomic DNA from control and HS-26-treated samples was extracted using the Soil DNA kit (Omega Bio-Tek, China). The universal bacterial primers 515F and 907R were used to amplify the V4--V5 regions of the bacterial 16S rRNA gene and the fungal-specific primers ITS1F and 2043R to amplify the fungal ITS1 region. Then, amplicons were purified and pooled in equimolar amounts and paired-end sequenced (2 × 250) on an Illumina MiSeq platform (Illumina, USA) by Majorbio Bio-pharm Technology Co., Ltd. (Shanghai, China).

### 2.6.3. Processing of Illumina MiSeq Sequencing Data {#sec2.6.3}

After removing the barcode and primer sequences, the raw FASTQ files were demultiplexed and quality-filtered using QIIME (version 1.9.1 (http://qiime.sourceforge.net/)), and the chimeric sequences were removed using UCHIME \[[@B30]\]; operational taxonomic units (OTUs) were clustered with 97% similarity cut-off using UPARSE (version 7.1; http://drive5.com/uparse/); alpha diversity index was calculated using Mothur (http://www.mothur.org/); the 16S RNA reads were assigned to bacterial taxonomic groups using RDP classifier (http://rdp.cme.msu.edu/) against the Silva (SSU123) 16S rRNA database using a confidence threshold of 70%; the taxonomy of each ITS rDNA gene sequence was analyzed by RDP classifier against the UNITE 7.0/ITS database using a confidence threshold of 70%; raw Illumina sequencing data from the current study were submitted to the NCBI Sequence Read Archive (SRA) under the accession number SRP132621.

2.7. Statistical Analysis {#sec2.7}
-------------------------

All experiments were performed in triplicate, and all statistical analyses were performed using SAS version 8.0 software (SAS Institute, Inc.). Differences in mean values were considered significant when*P* \< 0.05.

3. Results {#sec3}
==========

3.1. Isolation and Identification of Strain HS-26 {#sec3.1}
-------------------------------------------------

In the present study, 127 bacterial strains, obtained from the rhizosphere soil of healthy cucumber seedlings at the beginning of flowering, were evaluated using*in vitro* antagonism assays. Strain HS-26 was selected for further analyses due to its potent and broad-spectrum antagonistic activity as shown in [Figure 1](#fig1){ref-type="fig"}; the diameter of the zones of fungal growth inhibition was determined and recorded in [Table 1](#tab1){ref-type="table"}. Subsequently, strain HS-26 was identified as*P. jamilae* based on the phylogenetic analysis of the 16S rRNA sequence, which has been deposited at the National Center for Biotechnology Information (NCBI) under the accession number MH211597.

3.2. Fungal Inhibition Mechanisms {#sec3.2}
---------------------------------

### 3.2.1. Inhibition of Mycelial Growth by Extracellular Antifungal Metabolites and VOCs {#sec3.2.1}

Compared with controls, radial growth of all tested fungal pathogens was expectedly inhibited by extracellular antifungal metabolites ([Figure 2](#fig2){ref-type="fig"}). The growth of*B. sorokiniana* and*R. solani* was completely inhibited, while that of*F. oxysporum* was reduced by 17.65%. Similar to the extracellular antifungal metabolites, the VOCs produced by strain HS-26 also reduced the mycelial growth, with the inhibition of*F. oxysporum*,*B. sorokiniana*, and*R. solani* being approximately 46.30%, 63.86%, and 44%, respectively.

### 3.2.2. GC-MS Analysis and Antifungal Activity of VOCs {#sec3.2.2}

The VOCs produced by strain HS-26 were analyzed by GC-MS, and 69 compounds were detected ([Figure 3](#fig3){ref-type="fig"}). The compounds with a relative peak area of more than 1% are listed in [Table 2](#tab2){ref-type="table"}, with N, N-diethyl-1, 4-phenylenediamine, 2, 3-butanediol, and acetone being the top three dominant VOCs. Among them, a few compounds have been previously reported, such as acetoin and 2, 3-butanediol, which can promote the growth of*Arabidopsis thaliana* \[[@B31]\]; acetone and 2-undecanone, which showed strong nematicidal activities \[[@B32]\]; ethanol, which manifested the highest antibacterial activity against*Staphylococcus aureus* and*Streptococcus pyogenes* \[[@B33]\]; and 2-methylenecyclohexanol, 2-nonanone, 2-nonanol, 2-(2-methylpropyl)-3-(1-methylethyl)pyrazine, and 2-dodecanone, which exhibited strong inhibition of mycelial growth and spore germination \[[@B34], [@B35]\]. In the present study, we examined the effect of 2-methyl-1-butanol and N, N-diethyl-1, 4-phenylenediamine on the mycelial growth of*F. oxysporum*,*B. ribis*,*B. sorokiniana*,*B. dothidea*,*R. solani*, and*F. pseudograminearum*. 2-Methyl-1-butanol was purchased from Aladdin Industrial Corporation (Shanghai, China), and N, N-diethyl-1, 4-phenylenediamine was acquired from Macklin Reagent Company (Shanghai, China). As shown in [Figure 4](#fig4){ref-type="fig"}, 2-methyl-1-butanol completely inhibited the growth of*F. pseudograminearum, B. ribis*, and*B. sorokiniana* at a concentration of 0.225 mmol/mL*in vitro*. N, N-diethyl-1, 4-phenylenediamine did not show pathogen-killing ability at the maximum concentration of 1.8 mmol/L, which was set in the present study; however, it exerted distinct inhibitory effects on mycelial growth and the diameter of the formed colonies. The rate of inhibition was positively correlated with the concentration of N, N-diethyl-1, 4-phenylenediamine.

### 3.2.3. Fungal Cell Wall-Degrading Enzymes {#sec3.2.3}

The production of fungal cell wall-degrading enzymes by strain HS-26 was studied both qualitatively and quantitatively. HS-26 cells were inoculated onto carboxyl methyl cellulose agar plates, skim milk agar plates, and pachyman solid medium supplemented with 6% aniline blue and then all plates were incubated at 30°C. After 3 days, semicircular hyaline zones around bacterial colonies were formed on the specific agar media (Figures [5(a)](#fig5){ref-type="fig"}, [5(b)](#fig5){ref-type="fig"}, and [5(c)](#fig5){ref-type="fig"}), demonstrating fungal cell wall-degrading enzyme production by HS-26 cells. Quantification of the produced enzymes showed that, after 3 days, cellulase, glucanase, and protease levels reached 62.76 ± 1.35 U/mL, 4.13 ± 0.53 U/mL, and 15.56 U/mL, respectively. It was interesting to note that the level of HS-26 strain-secreted chitinase was up to 1012.67 ± 65.36 U/mL, although no semicircular hyaline zone was formed on the plate containing colloidal chitin.

3.3. Evaluation of PGP Abilities {#sec3.3}
--------------------------------

In addition to the antifungal activity, strain HS-26 also showed positive results for nitrogen fixing (6.95 ± 0.05 mg/g), phosphate solubilization (38.93 ± 5.09 *μ*g/L), potassium dissolving (21 ± 1.32 *μ*g/mL), and siderophore (4.67 ± 0.86 *μ*g/mL) and IAA (4.83 ± 0.14 *μ*g/mL) production tests.

3.4. In Vivo Seed Germination and Growth-Promoting Effects {#sec3.4}
----------------------------------------------------------

HS-26 strain positively affected the germination of cultivated cucumber seeds ([Figure S1](#supplementary-material-1){ref-type="supplementary-material"}). Following the coating of seeds with HS-26 cells, the percentage of germination increased to 75%, while the germination rate in the control group was only 60%. After 15 days, growth parameters of the HS-26-treated seedlings were superior to those of the untreated controls ([Table S1](#supplementary-material-1){ref-type="supplementary-material"}). Root length, shoot height, fresh biomass, and dry biomass increased by 19.22%, 30.53%, 11.72%, and 4.17%, respectively. In addition, the cucumber seedlings treated with these cells had more lateral root.

3.5. Pot Experiment {#sec3.5}
-------------------

### 3.5.1. Growth-Promoting Effect of Bacterial Treatment on Wheat {#sec3.5.1}

For the*in vivo* pot experiment, wheat was chosen to test the active contribution of the HS-26 strain to plant growth. Significant effects on plant growth were observed for the plants treated with strain HS-26 compared with those for the nontreated control ([Table 3](#tab3){ref-type="table"}). The predominant influences observed were an enhancement of the wheat seedling dry biomass (by 26.67%), fresh biomass (by 38.89%), and the root/shoot ratio (by 31.45%). Although there was no significant difference in wheat height between the HS-26 treatment and control groups, we found that the wheat seedlings treated with HS-26 strain had a higher number of lateral roots, which enabled them to obtain sufficient water and nutrients from the soil.

### 3.5.2. Illumina MiSeq Sequencing and Sequence Analysis {#sec3.5.2}

More than 30,000 fungal and 20,000 valid bacterial reads were obtained for each replicate through a sequence optimization process, and these sequences were grouped into 1347 fungal OTUs and 4345 bacterial OTUs using a 3% dissimilarity cut-off. Rarefaction and Shannon curves tended to approach the saturation plateau with the increase in sequencing number ([Figure S2](#supplementary-material-1){ref-type="supplementary-material"}), which indicated that sequencing capability was sufficiently large to completely capture the diversity of these communities. The *α*-diversities of the soil microbial communities are presented in [Table 4](#tab4){ref-type="table"}; there were no significant differences in bacterial community richness indices (ACE and Chao) and diversity indices (Shannon and Simpson) between the HS-26 treatment and control groups. However, for the fungal community, the lower ACE and Chao values after HS-26 treatment demonstrate that the HS-26 strain treatment group maintained a lower richness than the control group, and the lower Shannon values in the HS-26 treatment group indicated that the HS-26 strain treatment group maintained a lower diversity than the control group. Simpson values showed a similar trend for the fungal community.

### 3.5.3. Taxonomic Composition Analysis {#sec3.5.3}

All the sequences were classified from the phylum level down to the species level using the Mothur program. For the fungal community, three known fungal phyla were detected, with Ascomycota being the most dominant phylum and accounting for 91.36% and 76.88% in the HS-26 treatment and control groups, respectively ([Figure S3](#supplementary-material-1){ref-type="supplementary-material"}). At the genus level, thirteen known fungal genera were detected ([Figure 6(a)](#fig6){ref-type="fig"}). Among them, the relative contents of*Chaetomium*,*Humicola*, and*Mortierell*a in the HS-26 treatment group were higher than those in the control group, while*Stachybotrys*,*Gibberella*, and*Fusarium* were significantly lower in the HS-26 treatment group ([Figure 7](#fig7){ref-type="fig"}). Furthermore, after mining useful information hidden in the original data, the relative abundances of*Monographella*,*Bipolaris*,*Volutella*, and*Idriella* in the HS-26 treatment group were found to be decreased as compared to those in the control group ([Table S2](#supplementary-material-1){ref-type="supplementary-material"}). For the bacterial community, ten bacterial phyla were detected both in the HS-26 treatment and control groups, with Proteobacteria, Acidobacteria, Actinobacteria, and Chloroflexi ranking as the top four bacterial phyla ([Figure S3](#supplementary-material-1){ref-type="supplementary-material"}). At the order level, the relative contents of plant-associated beneficial bacteria, such as Micromonosporales, Rhizobiales, Acidimicrobiales, Frankiales, Gemmatimonadales, Sphingomonadales, Nitrosomonadales, Rhodospirillales, Desulfurellales, and Bacillales, were higher in the HS-26 treatment than in the control groups. Conversely, potential pathogens including Burkholderiales and Xanthomonadales were reduced in the HS-26 treatment group ([Figure 6(b)](#fig6){ref-type="fig"})

4. Discussion {#sec4}
=============

Members of the genera*Alternaria* \[[@B36]\],*Botrytis* \[[@B37]\],*Fusarium* \[[@B38]\], and*Rhizoctonia* \[[@B39]\] are pathogens that infect a wide range of plants, including several crops, vegetables, and fruits, leading to dramatic economic losses. Conversely, bacteria associated with plant roots are potential agents for biological control of soilborne plant pathogens and for promoting plant growth \[[@B40]\]. An appropriate*in vitro* assessment system is necessary to select and isolate beneficial indigenous strains. In the present study, we implemented an integrated approach \[[@B12]\] to test isolates for a variety of plant growth-promoting characteristics. In our study, strain HS-26 exhibited more than one plant growth-promoting trait and is expected to be beneficial for seedling growth under multiple types of adverse conditions.

*P. polymyxa* is widely known as a source of plant growth-promoting \[[@B41]\] and biocontrol agents \[[@B42]\]. However, reports on the application of other*Paenibacillus*spp. in biocontrol are few \[[@B2]\]. In the present study, the strain*P. jamilae* HS-26 was selected for its efficient antagonistic activity. The reason may be the ability of strain HS-26 to produce antibacterial metabolites and hydrolases, which directly act on the cell wall when in contact with the fungi and hence prevent normal radial growth \[[@B16], [@B43], [@B44]\]. Furthermore, VOCs produced by beneficial bacteria that contribute to inhibiting plant pathogen growth and spore germination have also received considerable attention \[[@B23], [@B31], [@B38], [@B45], [@B46]\]. As compared with diffusion antibiotics, VOCs can spread over a long distance, and fungistatic microenvironments expand around the antagonist communities \[[@B34]\]. Therefore, microbial antagonist strains capable of producing volatile compounds with potent inhibitory activity against plant pathogens are more likely to prevent pathogenic fungi from infecting plants, kill surviving spores in the soil, and limit both the production and the establishment of the disease \[[@B40]\]. In our study, the VOCs produced by strain HS-26 were analyzed by GC-MS, and 69 compounds were detected ([Table 2](#tab2){ref-type="table"}). Antifungal activity assays demonstrated that the main components 2-methyl-1-butanol and N, N-diethyl-1, 4-phenylenediamine distinctly inhibited the growth of fungal mycelia ([Figure 4](#fig4){ref-type="fig"}). To the best of our knowledge, this is the first report of the inhibitory effects of 2-methyl-1-butanol and N, N-diethyl-1, 4-phenylenediamine on fungal mycelial growth.

Furthermore, strain HS-26 also exhibited other growth-promoting abilities. In this study, cucumber seeds inoculated with HS-26 strain had higher germination rates than the control; this may be due to the synthesis of hormones such as IAA, which can trigger the activity of specific enzymes that promote early germination and increase plumule and radicle length \[[@B49]\]. In a pot experiment, the increased wheat dry weight and fresh weight implied that the HS-26 strain could colonize the root system of wheat and play a role in promoting growth. Interestingly, there was a large difference in the ratio of weight increase caused by strain HS-26 between dry weight (27%) and fresh weight (39%). A possible explanation for this is that the increase in fresh weight was related to water absorption, while the increase in dry weight was related to organic matter accumulation. As indicated in the Results section, both wheat and cucumber seedlings treated with HS-26 strain had a higher number of lateral roots, which enabled them to obtain sufficient water and nutrients from the soil. However, the accumulation of organic matter is a slow process, and organic matter accumulation is less in the early stage of plant growth. This accounted for the large difference in the ratio of weight increase between dry weight and fresh weight.

Illumina MiSeq sequencing analysis demonstrated that inoculation with strain HS-26 reduced the diversity and richness of the soil fungal communities. The relative abundances of potential pathogens, including*Gibberella*,*Fusarium*,*Monographella*,*Bipolaris*,*Volutella*, and*Idriella*, were reduced as compared with those of the control. Among them,*Gibberella* and*Fusarium* are the main pathogens of Fusarium head blight (FHB), which is a devastating worldwide disease of wheat, barley, and other small grain cereals \[[@B50]\]. For the bacterial community, richness indices (ACE and Chao) and diversity indices (Shannon) showed no significant change after treatment with strain HS-26; however, at the order level, the relative abundances of well-known beneficial bacteria, such as Acidimicrobiales, Rhodospirillales, Cytophagales, Sphingomonadales, Nitrosomonadales, Gemmatimonadales, Desulfurellales, Bacillales, Rhizobiales, Frankiales, and Micromonosporale, were higher in the strain HS-26 treatment group than in the control group. Among them, most species of Bacillales are reported as biological control agents against many fungal and bacterial pathogens \[[@B51]\]. Rhizobiales, Sphingomonadales, Rhodospirillales, Nitrosomonadales, and Frankiales participate in the nitrogen cycle \[[@B52], [@B53]\], while Gemmatimonadales, Acidimicrobiales, and Micromonosporale have the potential to improve soil fertility and plant growth efficiency \[[@B54], [@B55]\]. Conversely, the relative contents of potential plant pathogens Burkholderiales and Xanthomonadales were higher in control groups. Most species of Xanthomonadales and Burkholderiales are pathogens of plant diseases, such as black rot of crucifers and rice bacterial blight, caused by*Xanthomonas campestris* pv.*campestris*and*Xanthomonas oryzae*, respectively \[[@B56], [@B57]\]; bacterial wilt caused by*Burkholderia plantarii*; and banana bacterial wilt caused by*Burkholderia solanacearum* \[[@B58], [@B59]\]. Overall, from the above results, we discovered that strain HS-26 had direct antagonistic effects against plant pathogens and allowed beneficial microbes to accumulate more easily in the wheat rhizosphere.

5. Conclusion {#sec5}
=============

Plant growth promotion and biocontrol activities are the main requirements for commercial microbial agents used in sustainable agriculture \[[@B60]\]. Our study indicated that strain HS-26 introduced into the wheat rhizosphere might play essential roles in the transition of soil from a suppressive to favorable condition. Hence, we suggest that strain HS-26 has the potential to be used in sustainable agriculture. Although our isolates need further testing under field conditions, we are confident that our findings can be transferred to the field, because the strains were isolated from the same environment in which they are intended to be used. To the best of our knowledge, this is the first report on screening*P. jamilae*as potential BCAs, and it comprehensively elaborates the mechanisms of biocontrol of soilborne diseases.
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Figure S1: Effects of HS-26 on cucumber seed germination and growth. Seeds germination assay. (a) Seeds coated with HS-26 strain cells; (b) seeds uncoated with HS-26 strain cells as blank control; (c) growth promotion of cucumber seedlings by*Paenibacillus jamilae* HS-26 compared with the untreated control. Figure S2: bacterial and fungal rarefaction curves and Shannon curves depicting the effect of strain HS-26 and control treatments on the number of OTUs. (a) Rarefaction curves of bacteria from HS-26 and control treatments; (b) Shannon curves of bacteria from HS-26 and control treatments; (c) rarefaction curves of fungi from HS-26 and control treatments; (d) Shannon curves of fungi from HS-26 and control treatments. Figure S3: the relative abundance (%) of all bacteria and fungi on the phylum level in the rhizosphere soil of HS-26 and control treatments. (a) The relative abundance of all detected bacterial phyla in control group; (b) the relative abundance of all detected bacterial phyla in HS-26 treatment; (c) the relative abundance of all detected fungal phyla in control group; (d) the relative abundance of all detected fungal phyla in HS-26 treatment. Table S1: HS-26 effects on the germination rate and growth of cucumber. Table S2: percent of pathogenic fungi abundance in HS-26 treatment and control groups.

###### 

Click here for additional data file.

![*In vitro* antagonism of strain HS-26 against phytopathogens. Antagonism test between strain HS-26 and plant pathogens by dual-culture assays on PDA medium 4 days after incubation.](BMRI2019-3638926.001){#fig1}

![Effect of the extracellular antifungal metabolite and VOC production by HS-26 strains on radial growth of plant pathogens. As compared to control (left), phytopathogen mycelial plug growth was inhibited by the extracellular antifungal metabolite (middle) and VOC production by HS-26 strains (right).](BMRI2019-3638926.002){#fig2}

![Identification and analysis of VOCs produced by HS-26 cells on PDA medium by GC-MS. VOCs produced by HS-26 cells (a) and control PDA medium (b). Chromatogram corresponding to volatile organic compounds produced by HS-26: ethanol (1), acetone (2), acetoin (6), 2-methyl-1-butanol (8), 2,3-butanediol (10), 2-methylenecyclohexanol (16), trans,trans-3,5-heptadien-2-one (24), 2-nonanone (34), 2-nonanol (35), 2-undecanone,6,10-dimethyl- (40), 2-tridecanol (41), N,N-diethyl-1, 4-phenylenediamine (42), undecanone (47), 2-(2-methylpropyl)-3-(1-methylethyl)pyrazine (51), 2-dodecanone (58), 2-hexadecanol (59).](BMRI2019-3638926.003){#fig3}

![Inhibitory activities of the identified volatile organic compounds (VOCs) against plant pathogens. The diameter of the pathogen colony (a) and percent of growth inhibition (b) of*F. oxysporum*,*B. ribis*,*B. sorokiniana*,*B. dothidea*,*Alternaria* (Nees), and*R. solani* exposed to different concentrations of 2-methyl-1-butanol. The diameter of the pathogen colony (c) and percent of inhibition (d) of these plant pathogens exposed to different concentrations of N, N-diethyl-1, 4-phenylenediamine. Bars indicate standard errors (n = 3). Different letters above columns indicate significantly different results (*P* \< 0.05, Student\'s t-test).](BMRI2019-3638926.004){#fig4}

![Fungal cell wall-degrading enzymes produced by HS-26 cells. (a) Cellulase activity determined using carboxyl methyl cellulose (CMC) agar plates; (b) Protease activity determined using skim milk agar plates; (c) Glucanase activity determined using Pachyman solid medium supplemented with 6% aniline blue.](BMRI2019-3638926.005){#fig5}

![The relative abundance (%) of all fungi on the genus level (a) and all bacteria (b) on the order level in the rhizosphere soil of HS-26 and control treatments.](BMRI2019-3638926.006){#fig6}

![Multipathogenic fungal genera difference test between HS-26 treatment and control treatments. Error bars indicate standard errors (n = 3). Columns with asterisks are significantly different (*P* \< 0.05) according to Student\'s t-test.](BMRI2019-3638926.007){#fig7}

###### 

Antibiotic capacity of *Paenibacillus polymyxa*strain HS-26 against plant pathogenic fungi *in vitro*.

  Fungal isolates                    Antagonistic effect (zone of inhibition diameter \[mm\])
  ---------------------------------- ----------------------------------------------------------
  *Fusarium oxysporum*               1.1 ± 0.0
  *Botryosphaeria ribis*             6.2 ± 0.0
  *Bipolaris sorokiniana*            3.9 ± 0.2
  *Botryosphaeria dothidea*          3.1 ± 0.3
  *Rhizoctonia solani*               0 ± 0
  *Colletotrichum gloeosporioides*   4.2 ± 0.1
  *Alternaria*(Nees)                 3.0 ± 0.1
  *Fusarium pseudograminearum*       Ineffective

Notes: values are means ± SD. "Ineffective" indicates that the HS-26 strain has no ability to inhibit the growth of phytopathogens; "0" indicates that the HS-26 strain has the ability to inhibit the growth of phytopathogens to some extent; however, it failed to form an obvious zone of inhibition.

###### 

Relative volatile organic compound (VOC) levels produced by HS-26 cells.

  Serial number   Rt (min)   Area (%)   Components                                     PGP trait                 Reference
  --------------- ---------- ---------- ---------------------------------------------- ------------------------- ----------------------------
  1               4.879      1.78       Ethanol                                        Antagonism                \[[@B33]\]
  2               5.143      8.22       Acetone                                        Nematicidal activities    \[[@B32]\]
  6               8.658      5.67       Acetoin                                        Growth-promoting          \[[@B31]\]
  8               9.244      2.35       2-Methyl-1-butanol                                                       Not reported
  10              10.564     12.91      2,3-Butanediol                                 Growth-promoting          \[[@B31]\]
  16              13.444     1          2-Methylenecyclohexanol                        Antagonism                \[[@B34]\]
  24              16.008     2.39       trans,trans-3,5-Heptadien-2-one                                          Not reported
  34              18.3       1.2        2-Nonanone                                     Antagonism                \[[@B35]\]
  35              18.453     1.31       2-Nonanol                                      Antagonism                 Patent (CN201510866778.5)
  40              19.989     4.75       2-Undecanone,6,10-dimethyl                                               Not reported
  41              20.17      3.12       2-Tridecanol                                   Negative for antagonism    Patent (CN201510866778.5)
  42              20.713     26.78      N,N-Diethyl-1,4-phenylenediamine                                         Not reported
  47              22.053     1.83       Undecanone                                     Nematicidal activities    \[[@B32]\]
  51              22.598     1.12       2-(2-Methylpropyl)-3-(1-methylethyl)pyrazine   Antagonism                \[[@B34]\]
  58              24.159     3.03       2-Dodecanone                                   Antagonism                 Patent (CN201510866778.5)
  59              24.251     2.01       2-Hexadecanol                                  Negative for antagonism    Patent (CN201510866778.5)

###### 

Effect of the HS-26 strain on growth parameters of wheat seedling.

  Treatment   Shoot height     Root length     Dry weight     Fresh weight   Root/shoot
  ----------- ---------------- --------------- -------------- -------------- -----------------
  CK          40.76 ± 0.83a    17.78 ± 1.16a   0.30± 0.04b    1.26 ± 0.16b   0.1809 ± 0.011b
  HS-26       40.53 ± 40.09a   19.44 ± 0.70a   0.38 ± 0.02a   1.75± 0.06a    0.2378 ± 0.011a

Notes: values are means ± SD (n = 30). Means sharing a common letter within the same column are not significantly different at *P* \< 0.05. "HS-26" denotes wheat seedlings treated with a suspension of strain HS-26 cells. "CK" denotes wheat seedlings treated with an equal volume of sterile water.

###### 

Diversity and richness indices of bacterial and fungal community from HS-26 treatment and control.

  Index      Bacteria           Fungi                                
  ---------- ------------------ ------------------ ----------------- -----------------
  Shannon    6.67 ± 0.13a       6.63 ± 0.10a       3.40 ± 0.12a      2.56 ± 0.08b
  Simpson    0.0032 ± 0.00a     0.0034 ± 0.00a     0.07 ± 0.02b      0.15 ± 0.02a
  Ace        2084.66 ± 62.60a   2028.66 ± 78.74a   307.55 ± 7.47a    240.51 ± 13.63b
  Chao       2107.38 ± 47.71a   2040.40 ± 89.44a   304.18 ± 12.46a   238.15 ± 9.06b
  Coverage   0.9810             0.9813             0.9963            0.9989

Notes: Chao and ACE values are indicators of species richness. Shannon and Simpson values are indicators of species diversity. Values are means ± SD (n = 3). Means sharing a common letter within the same column are not significantly different at*P* \< 0.05.
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